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Eric Witze and Joel H. Rothman
Mutations in the eff-1 gene of Caenorhabditis
elegans, which prevent all cell–cell fusions in the
nematode’s epidermis, have revealed developmen-
tal roles for cell fusion. An extracellular fusogen-like
domain in EFF-1 suggests it might direct the fusion
of lipid bilayers.
‘If you can’t convince them, fuse them.’ Harry S.
Truman (with editorial license)
Life begins with a cell fusion event: the joining of
gametes to generate a zygote. Such processes
involve the conjunction of two separate membranes
into a single lipid bilayer surrounding a larger multi-
nucleate cell, in which the constituents of both cells
are shared. While the function of cell fusion in fertil-
ization is obvious, cell–cell fusion occurs in many
developmental settings for reasons that are not imme-
diately evident. Examples of such events include the
fusion of trophoblast cells in mammalian embryos to
form the placenta [1], of myoblasts during myogene-
sis [2], and of macrophages, resulting in their differen-
tiation into osteoclasts [3]. The extensive studies of
the development and anatomy of Caenorhabditis
elegans have revealed the widespread occurrence of
cell fusion: approximately one-third of all cells in this
nematode, in very different tissue types — including
the epidermis, the muscular feeding organ or pharynx,
and the uterus — undergo cell fusion. The genetic
manipulability of this animal made it possible to iden-
tify mutations in which all epidermal cell fusions are
blocked. A recent study of eff-1 mutants [4] has shed
light on the developmental role of cell fusions, and
further work on the EFF-1 transmembrane glycopro-
tein may clarify the mechanisms by which membranes
of juxtaposed cells undergo fusion.
Much of our understanding of membrane fusion has
come from studies of extracellular viral fusion and
intracellular vesicle fusion during membrane transport
processes. Viral infection in animal cells generally
requires fusion of the virus and host membranes, cat-
alyzed by virally encoded transmembrane fusogenic
proteins, such as the hemagglutinin protein of
influenza virus. Hemagglutinin contains a coiled-coiled
domain and fusion peptides that insert into the lipid
bilayer of the host membrane. A drop in pH induces a
conformational change that brings the two bilayers
into close proximity, leading to their fusion and inter-
mixing of bilayers [5]. A similar mechanism is used
repeatedly throughout the secretory pathway during
fusion of intracellular vesicles, mediated by the SNARE
proteins: v-SNAREs on the vesicle and t-SNAREs on
the appropriate target membrane pair to form a
shared coiled-coil domain and subsequently undergo
a conformational change that brings the membranes
into close proximity (Figure 1A) [6].
The mechanisms that direct fusion of cells are less
well understood; however, genetic screens in yeast,
Drosophila, and C. elegans have recently identified
candidate molecules that control this process. The
Drosophila dumbfounded (duf) and sticks and stones
(sns) genes, both which encode membrane proteins of
the immunoglobulin superfamily, function to allow
founder myoblasts, the cells that initiate myotube for-
mation, to recognize fusion-competent myoblasts and
recruit them to the muscle syncytium [2]. The duf and
sns genes are expressed in the founder and fusion-
competent cells, respectively. In either mutant fly,
myoblasts express muscle-specific differentiation
markers, suggesting that the cells are correctly spec-
ified and the defect is restricted to cell aggregation
and fusion [2]. 
In yeast, most of the mutations that block fusion
during mating do not appear to be directly involved in
membrane fusion. Genes required for zygote forma-
tion include FUS3, FUS5, FUS8 and STE6, which are
involved in pheromone and prezygotic signaling, and
SPA2, FUS6 and PEA1, which are involved in polar-
ized cell growth, allowing a cell to reach towards its
mating partner [7]. PRM1 encodes a transmembrane
protein required for fusion, but it is unclear whether its
role is in cell adhesion or fusion per se [7]. So although
many genes required for membrane fusion in yeast
and Drosophila have been identified, none has been
shown to be directly involved in the fusion of lipid
bilayers, and bona fide fusogens that direct cell–cell
fusion have yet to be demonstrated.
Many studies into mechanisms that specify devel-
opmental cell fates in C. elegans have used cell fusion
with the main epidermal syncytium as a landmark of a
particular differentiated fate decision. The control
points for these fusion events include intercellular sig-
naling pathways — for example, in regulating vulval
versus non-vulval cell fates through Ras-mediated
signal transduction [8] — and transcriptional cascades
that control the proper pattern of cell fusion among
epidermal cell types. In the latter case, the Hox genes
lin-39 and mab-5 specify epidermal cell fates along
the body axis, in part by regulating cell fusion. The lin-
39 gene prevents mid-body epidermal cells from
fusing with the main body syncytium, while mab-5
functions in posterior cells to prevent them from
fusing with syncytia in males [9]. The ELT-5/6 GATA
transcription factors, which control differentiation of
the lateral epidermal seam cells, block their fusion
with the syncytial epidermis [10]. They also appear to
mediate Hox/Ras-directed specification events during
formation of the vulva, which prevent vulva progeni-
tors from fusing, thereby allowing their development
into a mating and egg-laying organ (our group’s
unpublished data). Although these regulatory factors
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are not specific to the process of cell fusion, and do
not provide insights into the mechanism by which
membranes fuse, identification of their regulatory
targets may reveal direct mediators of cell fusion.
The recently reported eff-1 gene [4], in contrast,
encodes an intriguing candidate for a bona fide
C. elegans fusogen. The eff-1 gene is expressed
shortly before cell fusion occurs in all epithelial types
in which cells fuse. Similar to all known fusogens,
EFF-1 is a single-pass transmembrane protein whose
extracellular domain, as with many fusogenic viral 
glycoproteins, contains a hydrophobic fusogen-like
peptide which could function in the mixing of bilayers
to initiate fusion [4]. EFF-1 also has a region similar 
to active-site domains of phospholipase A2, motifs
also associated with mammalian fertilization [4,11].
This domain might alter membrane structure in a 
way that overcomes the activation energy barrier
associated with bringing apposed charged lipid 
head groups together, thereby generating a fusion-
competent state.
Unlike the hemagglutinin and SNARE proteins,
EFF-1 does not have a coiled-coil domain. Such a
domain might not be essential for a mediator of
epithelial cell fusion, as the membranes of such cells,
which are in close proximity at the apical junctions,
may be poised for fusion (Figure 1B). Fusion of epi-
dermal cells in C. elegans begins with a single pore
which forms at their apical junctions and progresses
as the pore dilates outward via vesiculation [12]. The
apical junction migrates basolaterally ahead of the
expanding pore, suggesting that the junction may
keep the fusing membranes in close apposition, which
presumably facilitates the joining of the membranes
(Figure 1C) [12].
The structure of EFF-1 suggests that it could con-
ceivably fill a role in either of two current models for
membrane fusion. In the proximity model, a fusogen,
such as a SNARE, catalyzes fusion by bringing
together the membranes and causing sufficient stress
and distortion of the bilayers that they fuse (Figure 1A)
[6]. SNAREs can catalyze fusion between liposomes,
but this reaction occurs over minutes instead of the
sub-millisecond times observed in vivo [6]. EFF-1
might accelerate an analogous reaction in cell fusion;
for example the PLA2 active site in EFF-1 might alter
the local curvature of the membranes at the site of
fusion, thereby facilitating bilayer mixing. In contrast,
the pore model posits a protein bridge that initiates
the mixing of apposed membranes [6]. EFF-1, which is
produced in a subset of fusing cells, might be a com-
ponent of such a structure. 
In eff-1 mutants, no diffusion of soluble content
between cells occurs and distinct membranes are
maintained between cells that would normally fuse,
indicating that such a pore does not stably form [4].
These observations imply that EFF-1 acts early in
fusion. It is possible that EFF-1 might act by initiating
fusion and membrane mixing; other mechanisms might
then promote progressive membrane fusion. Such a
possibility might be tested by initiating mixing of bilay-
ers in an eff-1 mutant with a laser microbeam (for
example [13]) and assessing whether the eff-1 pheno-
type is suppressed, resulting in complete cell fusion.
Regardless of its mechanism of action in fusion, EFF-1
may not be sufficient for fusion, as an eff-1 reporter is
expressed in some cells that never fuse [4].
The identification of eff-1 mutants makes it possible
to address why an animal goes to the trouble of fusing
epithelial cells at all, as a strong eff-1 mutation blocks
all epidermal cell fusions. In fact, one of the striking
features of eff-1 mutants is the lack of a striking phe-
notype, making it possible to rule out some postulated
explanations for the occurrence of this process. For
example, given that many of the non-fusing relatives of
syncytial epidermal cells in C. elegans are blast cells
which continue to divide during larval development, it
was reasonable to suppose that fusion of cells per se
might be responsible for their mitotic quiescence [14].
But this is not the case: none of the cells that fail to
fuse in eff-1 mutants undergo extra cell division rounds
after the time they would normally fuse [4].
A primary function of cell fusion might be to reprogram
the developmental fate of one or both of the fusing
cells [14]. For example, when embryonic frog erythro-
cytes are fused to adult mouse erythroleukemia cells,
the frog nuclei express adult globin genes, demon-
strating the reprogramming of gene expression 
after fusion [15]. Similarly, during postnatal verte-
brate muscle development, myoblasts expressing spe-
cific myosin heavy chains fuse with an existing
myotube and become transformed to a myotube fate,
causing them to express myotube-specific myosin
heavy chains [16]. Drosophila myogenesis requires the
fusion of the founder myoblast, which determines the
type, size and orientation of muscle cells, with the
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Figure 1. Membrane fusion mechanisms.
(A) The coiled-coil domains of SNAREs bring vesicle and target
membranes within close proximity, facilitating fusion. (B) In epi-
dermal cell fusion in C. elegans, the apical junctions (AJ) hold
the epidermal cells together where cell fusion is initiated. (C) A
fusion pore forms at the apical junction of the membrane
barrier and spreads outward behind the migrating junction. The
two nuclei of the adjacent cells (N1, N2) share a common cyto-
plasm after fusion.
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fusion-competent cell, which adopts the identity of the
former [2]. In duf mutants, while founder myoblasts
appear to differentiate correctly, the fusion-competent
cell dies, demonstrating the necessity of fusion for the
correct programming of the fusion-competent cell fate
[17]. Fertilization is an extreme case in which cell
fusion reprograms gametes into an entirely new cell
type: a totipotent single-cell embryo.
Might epidermal fusions in C. elegans also function
primarily to reprogram cells that join the syncytium? 
In the eff-1 mutant, all fusions during embryogenesis
and postembryonic development are blocked, yet the
epidermal cell lineage and morphology of epidermal
cells are largely normal [4]. After hatching, however,
the eff-1 mutants become scrawny, uncoordinated
and somewhat deformed, with an abnormal body size
and shape [4]. These defects might be explained 
in part by the ‘fusomorphogenesis’ hypothesis, which
proposes that cell shape change is driven by the
redistribution of membrane domains during cell fusion
followed by cytoskeletal rearrangements [18]. This
mechanism, however, is clearly not a major driving
force for normal embryonic morphogenesis of the
animal, as it would predict severe defects during
morphogenesis in the absence of cell fusions, which
was not observed in the eff-1 mutant [4]. Another pos-
sible explanation for the abnormal body shape might
be that specific cells that fuse impart information
required for correct growth to the remaining nuclei in
the syncytia.
Cell fusion might be a strategy for interrupting cell
contacts or routes of migration, thereby preventing
inappropriate signaling or other cellular interactions
[4,14]. In C. elegans, a signal from the somatic gonad
instructs the overlying vulva precursor cells to adopt
a vulval fate. Ectopic signaling can result in a
multivulva phenotype [19]. Some eff-1 mutant her-
maphrodites have additional pseudovulvae, possibly
induced by inappropriate cell contacts between
unfused epidermal cells, suggesting that fusion may
isolate cells from signaling centers or eliminate the
responsiveness of cells to such signals. During placental
development, fusion prevents migration of cells during
implantation of the blastocyst: the cytotrophoblastic
cells form a polarized epithelium that later fuses,
forming a syncytium [1]. Cytotrophoblastic cells that
do not join the syncytium instead become non-polar-
ized cells that migrate into the uterine lining. These
highly invasive cells penetrate the syncytium only at
select sites, suggesting that the syncytium limits their
routes of migration.
While it is apparent that cells fuse for distinct
reasons under different circumstances, a major theme
underlying cell fusion during development may be the
need to reprogram cells of distinct identity to that of
common identity. While many nematodes contain syn-
cytial epidermal organs, there are other nematodes
whose epidermal cells do not fuse [18], indicating that
there are multiple strategies for building a tube of skin
with three holes in it. In C. elegans, perhaps certain
cells must fuse with the epidermal syncytia to provide
size information to the cells lacking this information,
allowing the epidermis to grow in a synchronized
fashion in this rapidly developing creature. Cell fusion
may also be a strategy for recruiting cells to a tissue
whose particular properties it did not possess prior to
fusion. In contrast to apoptosis, another process that
sculpts the form of an animal, but which is intrinsically
wasteful, cell fusion may be an efficient means of
managing wayward cells during development.
References
1. Bischof, P., Meisser, A. and Campana, A. (2000). Paracrine and
autocrine regulators of trophoblast invasion – a review. Placenta 21
(Supplement A), S55–S60.
2. Taylor, M.V. (2000). Muscle development: molecules of myoblast
fusion. Curr. Biol. 10, R646–R648.
3. Vignery, A. (2000). Osteoclasts and giant cells: macrophage-
macrophage fusion mechanism. Int. J. Exp. Pathol. 81, 291–304.
4. Mohler, W.A., Shemer, G., del Campo, J.J., Valansi, C., Opoku-Sere-
buoh, E., Scranton, V., Assaf, M., White, J.G. and Podbilewicz, B.
(2002). The Type I membrane protein EFF-1 is essential for devel-
opmental cell fusion. Dev. Cell 2, 355–362.
5. Stegman, T. (2001). Membrane fusion mechanisms: the influenza
hemagglutinin paradigm and its implications for intracellular fusion.
Traffic 1, 598–604.
6. Mayer, A. (2001). What drives membrane fusion in eukaryotes?
Trends Biochem. Sci. 26, 717–723.
7. White, J.M. and Rose, M.D. (2001). Yeast mating: getting close to
membrane merger. Curr. Biol. 11, R16–R20.
8. Wang. M. and Sternberg, P.W. (2001). Pattern formation during C.
elegans vulval induction. Curr. Top. Dev. Biol. 51, 189-220.
9. Ch’ng, Q. and Kenyon, C. (1999). Egl-27 generates anteroposterior
patterns of cell fusion in C. elegans by regulating Hox gene expres-
sion and Hox protein function. Development 126, 3303–3312.
10. Koh, K. and Rothman, J.H. (2001). ELT-5 and ELT-6 are required
continuously to regulate epidermal seam cell differentiation and cell
fusion in C. elegans. Development 128, 2867–2880.
11. Roldan, E.R.S. (1998). Role of phospholipases during sperm acro-
somal exocytosis. Front. Biosci. 3, d1109–1119.
12. Mohler, W.A., Simske, J.S., Williams-Masson, E.M., Hardin, J.D. and
White, J.G. (1998). Dynamics and ultrastructure of developmental
cell fusions in the Caenorhabditis elegans hypodermis. Curr. Biol.
8, 1087–1090.
13. Moskowitz, I.P.G. and Rothman, J.H. (1996). lin-12 and glp-1 are
required zygotically for early embryonic cellular interactions and are
regulated by maternal GLP-1 signaling in Caenorhabditis elegans.
Development 122, 4105–4117.
14. Podbilewicz, B. and White, J.G. (1994). Cell fusions in the develop-
ing epithelia of C. elegans. Dev. Biol. 161, 408–424.
15. Broyles, R.H. (1999). Use of somatic cell fusion to reprogram globin
genes. Semin. Cell Dev. Biol. 10, 259–265.
16. Hughes, S.M. and Blau, H.M. (1992). Muscle fiber pattern is inde-
pendent of cell lineage in postnatal rodent development. Cell 68,
659–671.
17. Ruiz-Gomez, M., Coutts, N., Price, A., Taylor, M.V. and Bates, M.
(2000). Drosophila dumbfounded: a myoblast attractant essential for
fusion. Cell 102, 189–198.
18. Shemer, G. and Podbilewicz, B. (2000). Fusomorphogenesis: Cell
Fusion in Organ Formation. Dev. Dyn. 218, 30–51.
19. Katz, W.S., Hill, R.J., Clandinin, T.R. and Sternberg, P.W. (1995). Dif-
ferent levels of the C. elegans growth factor LIN-3 promote distinct
vulval precursor fates. Cell 82, 297–307.
Current Biology
R469
